Background: Altered joint laxity can contribute to joint dysfunction. Knee joint laxity has been shown to increase during pregnancy, but its long-term persistence is unknown. Objective: To determine whether pregnancy leads to lasting increases in knee joint compliance and laxity that persist longer than 4 months postpartum. Design: Prospective cohort study. Setting: A motion analysis laboratory at an academic medical center. Participants: Fifty healthy women in their first trimester of pregnancy (mean AE SD 29.2 AE 4.3 years old and baseline body mass index 26.0 AE 5.4 kg/m 2 ) were recruited. Intervention: End-range knee laxity and midrange joint compliance were measured during the first trimester and 19 AE 4 weeks postpartum. Anterior-posterior and varus-valgus laxity were measured using 3-dimensional motion tracking while applying forces and moments in each respective plane using the Vermont Knee Laxity Device. Nonlinear models were constructed to assess relations between applied forces and joint translation, comparing early pregnancy with postpartum. Outcomes: Multiplanar knee laxity and compliance. Results: Peak varus-valgus (20-22%; P = .001) and posterior translation (51%; P < .001) of the tibia relative to the femur decreased from baseline, with a concomitant decrease in laxity (P < .001) and compliance (P = .039) in the coronal plane and in the posterior direction in primiparous (P = .009) and multiparous (P = .014) women. For primiparous women, laxity (P < .001) and compliance (P = .009) increased in the anterior direction. Conclusions: Pregnancy resulted in a lasting decrease in multiplanar knee laxity and compliance in the varus and posterior directions with an increase in anterior compliance. The effects of these changes in laxity and compliance of the passive stabilizers on knee loading patterns, articular contact stresses, and risk for osteoarthritis and other musculoskeletal disorders will require additional research. Level of Evidence: II
Introduction
Women are at increased risk for knee osteoarthritis (OA), although the mechanism for this increased risk compared with men is unclear [1] . One exposure that differs between women and men is pregnancy. Pregnancy results in numerous changes in women's bodies in preparation for delivery. Some of these changes could be indelible and predispose women to increased risk for lower limb musculoskeletal disorders later in life, considering that parous women are more likely than nulliparous women to develop musculoskeletal disorders [2] [3] [4] [5] .
Increased levels of estrogen and relaxin during pregnancy increase flexibility and remodeling of collagen in the knees and other joints [6] . Altered joint biomechanics owing to a lasting change in joint laxity could cause supraphysiologic stress on musculoskeletal tissues. In addition, increased joint laxity could lead to cartilage stresses of greater magnitude or in a different distribution. Exposure to abnormal contact stresses can be detrimental to the joint [7, 8] . It has been suggested that increased joint laxity during pregnancy is responsible for knee problems, such as chondromalacia patella [9] . In addition, investigators have reported that altered gait mechanics can lead to increased focal joint loading [10] . Because excessive tibiofemoral contact stresses are known to increase risk for cartilage loss [10] , alterations in loading from changes in knee joint laxity could be relevant to understanding the mechanism for OA development.
Joint laxity in the knees increases during pregnancy and is sustained into the immediate postpartum period [11] . However, because prior studies have not assessed laxity at greater than 6 weeks postpartum, it is unknown whether knee joint laxity returns to prepregnancy levels. Some researchers have suggested that joints with increased laxity might not fully return to prepregnancy values after the first pregnancy and that laxity develops more rapidly during subsequent pregnancies compared with the first [12] .
The knees are the weight-bearing joints most commonly affected by OA [13] and women are at higher risk than men for developing knee OA; therefore, there is a need to determine whether pregnancy results in alterations in knee joint laxity that persist long term. The knee transmits large intersegmental loads because of body weight and muscle forces. Altered laxity and surface shape from remodeling of cartilage matrix components within the knee increase articular contact stress [14] . This stress can lead to injury of joint structures. Determining the extent to which increased knee joint laxity and compliance-the ease with which an object can be deformed-persist after pregnancy could provide insight into a potentially modifiable risk factor for the higher prevalence of knee OA in women.
Thus, the purpose of this study was to assess whether knee joint laxity and compliance differ between the first trimester of pregnancy and 4 to 5 months postpartum. We also sought to assess whether there is a difference between primiparous and multiparous women regarding change in knee joint laxity and compliance during this period. We hypothesized that pregnancy would lead to a lasting increase in compliance and knee joint laxity.
Methods

Participants
Healthy women (N = 50) 18 to 40 years old and in their first trimester of pregnancy volunteered for the study (Table 1) . Volunteers were identified through advertisements at women's clinics, family medicine clinics, student health services, primary care providers' offices, daycare facilities, elementary schools, first-trimester pregnancy classes, mass e-mails, newspaper and webbased press releases, and a medical center cafeteria news bulletin. Participants were categorized by parity level as primiparous or multiparous, because previous data have suggested a threshold exists for changes in foot structure and joint laxity that occur in conjunction with a second pregnancy [15] . Exclusion criteria included participation in in vitro fertilization, prior lower limb joint surgery or spinal surgery, chronic diseases known to affect collagen metabolism, and immobility or history of surgery that restricted walking for more than 2 days.
Measurements were completed during the first trimester (10 AE 1 weeks of gestation) and at 19 AE 4 weeks postpartum. If participants lost their pregnancy or delivered before 36 weeks, they were not contacted for follow-up and no change data were available for analyses. The first trimester was chosen because knee joint laxity at that time has been reported to be within 10% of prepregnancy values [11] . During the first visit, all participants completed an informed consent process approved by the institutional research board. At the postpartum followup visit, all measurements and tests were repeated.
Measures
Pregnancy Information and Health Questionnaire
Each participant's medical record was reviewed for body mass (kg), height (cm), body mass index (BMI; kg/m 2 ), and pregnancy information, including delivery date and body mass at delivery. Participants also completed a medical history questionnaire at baseline and follow-up visits. This questionnaire included information regarding the number of previous pregnancies and history of ankle, knee, or foot surgeries or injuries before the baseline visit and during the current pregnancy up to the point of follow-up.
Multiplanar Knee Laxity and Compliance
Laxity was defined as displacement of the tibia relative to the femur under non-weight-bearing conditions with periarticular muscles relaxed and was determined by the amount of translation that occurred with application of a fixed force or moment. Compliance, which is the inverse of stiffness, was defined as resistance to displacement of the tibia relative to the femur when a force was applied and was determined by analyzing the midrange slope of the force-translation and moment-angular displacement curves for the sagittal and coronal planes, respectively. Shank length (distance between the maximal lateral protuberance of the lateral femoral condyle and the lateral malleolus) was measured to determine the applied force needed to achieve 10-Nm varus-valgus moment (VR/VL) about the tibiofemoral joint. Then, a laced ankle brace was applied to each participant's right foot and the researcher tightened the lacings. This minimized motion at the ankle when the force was applied at the medial malleolus. Participants lay supine on the Vermont Knee Laxity Device (VKLD; University of Vermont, Burlington, VT), which firmly secured the lower limb and allowed each anatomic plane to be measured in isolation; the validity and reliability have been demonstrated in women in this age group [16] [17] [18] . A researcher securely strapped the participant's right foot into the foot cradle, aligned the rotational axis of the shank support with the mediolaterally directed axis that passed though the medial and lateral malleoli, and the long axis of the tibia was rotated to align the second metatarsal with the right anterior superior iliac spine. The greater trochanter was aligned with the rotational axis of the thigh support. Then, the thigh was secured by placing the thigh pad 3 to 4 finger widths superior to the patella and by tightening the medial and lateral pads. The pinion of the shank support, where the rack would insert, was aligned with the tibial plateau. Similarly, the shank pad was placed 3 to 4 finger widths distal to the tibial tuberosity, with the shank strap loosened for VR/VL testing and tightened for anterior-posterior (A/P) translation. Counterweights were applied to the thigh and shank to create initial 0 shear and axial compressive loads at the tibiofemoral joint ( Figure 1 ). These levels were monitored by an oscilloscope throughout data collection and adjusted to maintain this unweighted condition.
Three-dimensional marker positions (Optotrak, Northern Digital Inc, Waterloo, ON, Canada) were collected at 60 Hz. Infrared emitting diode markers were placed on the lower limb, with triads on the patella and tibial tuberosity, a single marker on the distal tibia, and 2 markers on a post extending from the medial femoral epicondyle (Figure 2) .
Another post was placed on the lateral femoral epicondyle and the 2 posts were tightened to the knee with elastic bands. Three markers were attached to the VKLD as the reference markers for the pelvis, which was assumed to be stationary once strapped into the VKLD. Several landmarks (medial and lateral malleoli, tibial tuberosity, medial and lateral femoral epicondyles, right greater trochanter, and anterior superior iliac spine) were digitized manually to create an individualized scaled model in Visual 3D software (C-Motion, Germantown, MD) before the femoral epicondylar markers were applied. A static trial was collected with the knee in 20 of flexion, which was maintained for each trial. The static trial was used to define the coordinate systems of the right foot, shank, thigh, and pelvis.
To measure VR/VL laxity and compliance, an alternating external force was applied at the medial malleolus continuously in the mediolateral direction using a handheld load cell (Omega S Beam, LC 105, Stamford, CT) to produce the limits of 10 Nm of VR/VL torques about the knee. For A/P, alternating forces were applied to the tibial tuberosity in a continuous manner from anterior to posterior to reach the target 95-N force using a rack and pinion that connected the swing arms of the thigh and shank support, and a force sensor (Model 9820, Advanced Force Measurement, Scottsdale, AZ) was connected in series with the rack to monitor the applied force. Participants were familiarized with the laxity protocol by cycling through each set of motions once, and then 2 acceptable trials were collected at each force threshold, each of which consisted of 3 cycles of motion. The order of trials was VR/VL, VR/VL, A/P, and A/P. All analog data were sampled at 360 Hz. Day-to-day reliability testing has demonstrated that 68% of VR/VL angular displacements are within 1.2 of the measured value and 95% are within 2.5 [16] . For A/P translation, inter-rater reliability was 2.0 AE 2.4 mm for 2 raters [17] .
Compliance was measured as the slope (D) of the force (moment) by the translation (rotation) plot at the point (C) midway between the limits of the range of motion, A and B (Figure 3 and formula below) [19] . A larger absolute value of D indicates that more translation or rotation occurred with a given force or moment (ie, more compliant), whereas a smaller absolute value of D indicates that less translation or rotation occurred with a given force or moment (ie, less compliant). Thus, a decreased D value signifies decreased compliance, and an increased D value signifies increased compliance. 
Statistical Analysis
Statistical analyses were performed using SAS 9.1 (SAS Institute Inc, Cary, NC) with significance set at a P value less than .05. Subject characteristics were summarized for continuous measures in each parity group. Two parity groups were formed: primiparous and multiparous.
Second and third pregnancies were grouped to form the multiparous group. Nonlinear mixed models for repeated measures (2 time points, random intercept) were used to assess significant changes in the end-range knee laxity. For each trial in each participant, displacement vs applied force or moment was plotted and individually assessed for internal validity and consistency. Nonlinear models were constructed to assess for changes in compliance using PROC NLIN with the equation above. Compliance (D values) and laxity were compared between baseline and follow-up using mixed models to control for multiple trials per participant and 2 visits, and the average root mean square error was weighted to standardize participants' curves for comparison.
Although there were no available data for the expected change in knee laxity with pregnancy, using similar methods to ours, Schmitz et al [20] reported that varus stiffness (the inverse of compliance) in women was approximately 0.7 AE 1. 4 /Nm less than in men at an applied torque of 10 Nm. For a 2-tailed comparison of matched baseline vs postpartum paired measurements with this magnitude and variance of change, at an α level of 0.05, a sample size of 44 women would provide 90% power. Accounting for up to 12% dropout, a sample size of 50 women was recruited.
Results
For the 50 women who completed the baseline visit, mean AE SD age was 29.2 AE 4.3 years and baseline BMI was 26.0 AE 5.4 kg/m 2 . Age differed between primiparous and multiparous participants (P < .001). However, baseline BMI and follow-up BMI did not statically differ between parity groups (P > .5; Table 1 ). After the 4-to 5-month postpartum follow-up visit, 2 participants were missing marker data for A/P laxity, leaving 48 participants with analyzable datasets (Figure 4) . Characteristics for the 48 participants who completed the entire study are presented in Table 1 . Participants were in their first (n = 28), second (n = 17), or at least third (n = 3) pregnancy.
Laxity
There were statistically significant decreases in laxity in the coronal plane (20%-22%; P = .001) and in the posterior direction (51%; P < .001) over the study period for primiparous and multiparous women (Tables 2 and 3) . Regarding laxity in the anterior direction, there was a statistically significant increase in primiparous women (P < .001; with a significant interaction between time and parity). Peak values decreased from baseline in the coronal plane and in the posterior direction for the primiparous and multiparous groups. Anterior translation increased in primiparous women and tended to decrease in multiparous women (Table 3) . Examples of decrease in the coronal plane and posterior laxity and increase in anterior laxity are depicted in Figure 5A and B.
Compliance
Changes in knee compliance during the study period are presented in Tables 4 and 5 . Compliance in the posterior direction decreased for the 2 parity groups and overall, whereas there was greater compliance in the anterior direction for the primiparous group and overall, but not in the multiparous group. In the coronal plane, there were no significant changes in varus knee compliance in primiparous or multiparous women, but there was a decrease overall, and valgus compliance did not change.
Discussion
The purpose of this study was to determine whether A/P and VR/VL knee laxity increased between the first trimester of pregnancy and approximately 5 months postpartum. The knees studied demonstrated lasting changes with pregnancy, although different from the hypothesized direction. Joint laxity and compliance decreased in the coronal plane and in the posterior direction, whereas compliance increased in the anterior direction. Although the cohort as a whole changed for some variables, the magnitude of change was relatively small compared with day-to-day reliability thresholds [16, 20] . It is unknown what magnitude of change in joint laxity and compliance constitutes clinical relevance but highlights an area for future research.
The findings could provide insight into parity as a potential risk factor for the higher prevalence of knee OA in women than in men. Associations between higher parity and decreased total knee cartilage volume and patellar cartilage defects could provide a direction for investigation to advance understanding regarding this sex difference [3] . However, the various factors that have been proposed to explain the link between parity and OA require further exploration.
To our knowledge, no prior studies examined whether pregnancy results in persistent changes in ligamentous laxity and compliance at the knee joint or characterized these parameters in a controlled manner. In addition, previous studies evaluated knee laxity with devices that did not account for shear loads from the mass of the lower limb and which could contribute to increased joint laxity [11] . Segment mass could create a large increase in laxity that increases a minimal increase or masks a decrease resulting from the actual knee structures.
Although we did not measure postural changes in this study, postural changes during pregnancy could have contributed to our findings. Because pregnant women experience an anterior shift in center of gravity, their knees Table 2 Mean (SE) change in end-range varus and valgus knee laxity from baseline to follow-up with a 10-Nm applied moment hyperextend to maintain a balanced upright posture [21] . Knee hyperextension tenses the anterior cruciate ligament as it impinges against the femoral notch, which could cause the anterior cruciate ligament to adapt and lengthen throughout pregnancy [22, 23] . Static stress focused on the anterior portion of the knee also could cause a decrease in chondrocyte metabolism [24] , which could contribute to further hyperextension. The resultant tissue remodeling that occurs during pregnancy could cause instability if the knee returns to a non-hyperextended state postpartum because counterbalancing forces are altered in the postpartum knee. The knee is delicately balanced to maintain stability while allowing for a wide range of motion during activities. Perturbations to this balance, such as those caused by the nonuniform changes in joint laxity that persist after pregnancy, could increase the risk of developing OA and other musculoskeletal disorders in women in their post-reproductive years. However, long-term studies would be necessary to clarify such an effect because these potential mechanisms remain hypothetical at this time. Brage et al [25] examined knee laxity in individuals with OA and found that OA knees had less laxity than control knees (57% less anteroposteriorly, 33% less mediolaterally), indicating that decreased laxity is associated with knee OA. Although we hypothesized that knee joint laxity would increase, as has been found during pregnancy, we found a lasting decrease in laxity in the posterior direction and in the coronal plane. Misbalanced forces acting on the knee are known to cause abnormal joint kinetics. For example, the increased and anteriorly displaced center of mass in pregnancy causes hyperextension of the knee [21] . The nonuniform changes in laxity associated with pregnancy (ie, decreased laxity in VR/VL and posterior directions without a decrease in the anterior direction) could cause adverse changes in this manner. Previous studies reported a relation between knee joint laxity and OA progression [25, 26] , but risk factors for the development of incident OA differ from those involved in progression of the disease [27] . Other perturbations to homeostasis that could cause imbalanced loading at the knee joint include decreased compliance, as detected in this study in the varus and posterior directions. Prior reports indicating that OA is related to increased or decreased knee joint laxity might support this bi-directionality [25, 26] . This study was limited by a number of factors. It did not include any direct measurements of the transient stressstrain conditions within the knee joint tissues that could influence cartilage and meniscal health. Restrictions on imaging in the first trimester precluded measures that would provide clear visualization of knee joint structures. Therefore, laxity in various directions could not be attributed to specific structures, but rather was generalized to net translation or rotation. Although our purpose focused on alterations in knee joint laxity and compliance that persist 4 to 5 months postpartum, it would have been useful to have prepregnancy measurements of laxity and compliance to better track changes. Longitudinal studies will be necessary to assess whether the lasting changes in knee joint laxity and compliance could explain a portion of the relation between parity and increased risk for knee OA. Determining whether therapies aimed at preventing or ameliorating laxity have an effect on decreasing risk for knee joint damage could be useful in determining whether a causal association exists.
Conclusions
In the women studied, there were changes in joint laxity and compliance that persisted from pregnancy to postpartum and differed based on the direction of motion. Joint laxity and compliance decreased in the coronal plane and in the posterior direction. An increase in compliance was seen in the anterior direction only in primiparous women. Further research is warranted to determine whether there is a causal relation between these findings and the established increased risk for knee OA in women.
Acknowledgments
We appreciate the dedication of the participants who committed their time to making this study possible. This study also benefitted from the recruitment efforts of Ms Ranae Molkenthin. (5T35HL007485). The sponsors for the study were not involved in the design, data collection, analysis, interpretation, or decision to publish this work.
